Numerical morphological modelling of braided rivers is increasingly used to explore controls on river pattern and for applied environmental management. This article reviews and presents a taxonomy of braided river morphodynamic models and discusses the challenges facing model development and use, illustrating these challenges with a case example. The taxonomy is contextualised by an initial discussion of the physical mechanisms of braiding. The taxonomy differentiates between reach-scale and catchmentscale models. Reach-scale models are usually physics-based, which are further divided based upon the mathematical approach used to solve equations (analytical or numerical) and their dimensionality (1D, 2D or 3D). Cellular automata models are one type of numerical model that replace at least some physical processes with expedient rules. A 2D physics-based approach encapsulates sufficient process complexity to provide behavioural predictions. Predictions from catchment-scale landscape evolution models have potential for providing boundary conditions. Future progress in physics-based modelling needs to address three challenges: (i) representation of f low and sediment transport; (ii) temporal and spatial scaling; and (iii) model calibration, sensitivity, uncertainty and validation. The key problem for addressing these is the dearth of laboratory or natural experiment datasets. To show that progress can be made by comparing reach-scale predictions to high-resolution observations, a case study of monitoring and modelling, conducted in the Rees River, New Zealand, is presented. Hydraulic predictions of cellular automata and shallow water equation (Delft3d) models are compared to observed inundation extent. The efficacy of high-resolution, multi-temporal morphological data for assessing 2D physics-based morphodynamic model predictions is also demonstrated.
Introduction
Numerical simulations of f luvial morphodynamics are used by scientists and river managers to understand and predict the interactions between f low, sediment transport and river form (Figure 1) . A number of articles have reviewed existing approaches to numerical modelling in f luvial geomorphology (e.g. Coulthard and Van De Wiel 2012, 2013; Lotsari et al. 2015; Mosselman 2012; Nelson et al. 2005; Nicholas 2013c; Papanicolaou et al. 2008; Spasojevic and Holly 2008; Syvitski et al. 2009; Thomas and Chang 2008; Tucker and Hancock 2010; Van De Wiel et al. 2011; van der Beek 2013; Van Dyke 2013) . Of particular note are Van De Wiel et al. (2011) , who discuss the application of models to understand and predict evolution in response to environmental change, and Mosselman (2012) who reviews applications in the context of gravel-bed rivers. Further reviews by Thomas and Chang (2008) and Spasojevic and Holly (2008) are especially thorough in their respective description of one-(1D), two-(2D) and three-dimensional (3D) approaches to morphodynamic modelling. To date, however, a review that focuses upon the numerical modelling of braided river morphodynamics has not been presented. There is considerable interest in using numerical models to investigate the controls on braided river morphology. Also, from an applied perspective, models are being used to inform environmental management decisions. These decisions come in the context of a recognition that the width of braided rivers has decreased as a consequence of in-channel management practices, f low regulation and catchment land-use change (Gurnell et al. 2009; Habersack and Piégay 2008) and the quantity of natural braided river habitat is decreasing (Young 2013) . Modelling braided rivers is, however, typically more challenging than simulating single-thread rivers due to the complexities of multiple-pathway and multiple-direction f low and sediment routing and associated morphological change. The objective of this article is, therefore, to evaluate the modelling frameworks suitable for simulating the morphodynamics of river systems with a braided pattern at the reach-scale (Table 1) and to identify the primary challenges associated with such simulations. Whilst some of the issues discussed are generic to modelling in f luvial geomorphology, and environmental modelling in general, the focus is upon how these translate to the specific case of simulating braided river morphodynamics. Since the fraction of sediment transported as bedload is commonly a key control of sand-gravel-and gravel-bed braided river morphology (Leopold 1992) , this article focuses upon models that simulate bedload transport mechanisms.
We begin by examining the nature of braided river morphodynamics to provide a context for discussing the numerical modelling of these systems. We then present a novel taxonomy of braided river morphodynamic models. The first level of this taxonomy distinguishes between models that simulate reach-and catchment-scale morphodynamics, and we review different modelling approaches that fall into each of these respective categories. Key challenges for predicting braided river morphodynamics are identified. A case study of the Rees River, New Zealand, is used to illustrate (i) the use of 2D approaches to simulate braided river 
Modelling Braided River Morphodynamics 103
hydraulics and morphodynamics; (ii) how high-resolution topographic data can be used to provide data for model boundary conditions and to assess performance; and (iii) an applied context to consider future modelling challenges.
Mechanics of Braided Rivers
Braided rivers are found across a range of climatic and physiographic settings (Ashmore 2013) . They are associated typically with wide valleys in mountainous regions and their piedmont forelands. Their spatial scale can vary from short reaches in confined valley settings to extensive reaches in laterally unconfined alluvial valleys and fans. Braided river sedimentology encompasses a range of grain sizes, typically from silt to coarse cobbles. Extensive debate exists concerning the controls on the maintenance of braiding (Mueller and Pitlick 2014) . Nevertheless, it has been suggested that the transition from a single-thread to a braided channel occurs when one of three conditions is present. These conditions are (i) high bedload f lux; (ii) a high width to depth ratio; and (iii) low bank resistance, due to the absence of cohesive sediment or vegetation (Murray and Paola 1994; Paola 2001) . Laboratory experiments that produce braided rivers with constant discharge demonstrate that variable discharge is not a prerequisite for braiding (Ashmore 1982) . Large f loods may, however, be necessary to remove vegetation and thus maintain low bank resistance (Gurnell et al. 2001 (Gurnell et al. , 2009 Hicks et al. 2007; Tal et al. 2004 ). In addition, although aggradation is often observed in alluvial systems that are characterised by braiding, it is not a prerequisite for braiding. For example, New Zealand rivers such as the Rakaia and Waitaki are braided in their coastal reaches, despite degradation trends driven by retreating shorelines. Sediment pulses, however, may result in changes in braiding intensity (Germanoski and Schumm 1993) .
The identification of the general conditions for braiding provides a useful initial framework for the mechanisms that need to be included in numerical models of braided river morphodynamics. Representation of these mechanisms is likely to be on a continuum ranging from lumped approximation to near-complete representation for lower-resolution (1D) to higher-resolution (3D) models. Principal mechanisms identified from laboratory experiments (Ashmore 1991; Ferguson 1993) include central bar development, transverse bar conversion, chute cutoff of point bars and lobe dissection. Other mechanisms include bank erosion (Wheaton et al. 2013) , bar edge trimming, channel incision, conf luence pool scour (Ashmore and 
Term Definition
Catchment A basin, bounded by relatively high topography, through which water and sediment flow within a network of channels that converge to a common outlet. Reach A length of river along which discharge and morphological characteristics are approximately uniform. Length is in the order of 10 to 100 river widths (Ferguson 2007) . In a numerical model, water and sediment fluxes will be defined at the upstream boundary. Autogenic Self-generated or internal behaviour. For a braided river reach, autogenic variation in morphology arises from spatially variable bedload transport, which itself is due to spatially variable morphologies and flow distribution. Allogenic
Responses to varying boundary conditions. For a braided river reach, examples of allogenic alterations include morphological responses driven by changes to sediment supply (e.g. landslides connected to the upstream channel network), flow change (often driven by climatic variation) and base level change.
Parker 1983), overbank deposition (Ferguson and Werritty 1983) and lateral bar development. In addition, three avulsion mechanisms have been identified: constriction and overf low, bank erosion and choking (Ferguson 1993 ). This process-based understanding of braided river morphodynamics from laboratory experimentation contributes to understanding the mechanisms that maintain braiding. Observations of these mechanisms in natural settings are, however, limited.
In the absence of these data, synthetic simulation of braided river morphodynamics has considerable potential not only for investigating applied environmental management questions but also to shed light on both the controls on braided river pattern and mechanisms of channel change.
Taxonomy
A number of schemes have been proposed to classify morphodynamic models. For example, Paola (2001) distinguishes between reductionist modelling approaches, based upon classical continuum mechanics, and synthesist approaches founded upon highly simplified rules of a system's dynamics. Reductionist approaches are also dubbed "physics-based" (Nicholas 2013c), "process-based" (Hardy 2013) or "computational f luid dynamics" (CFD; Wright and Hargreaves 2013) approaches. Synthesist approaches are also coined as "reduced-complexity" , "cellular" or "exploratory" approaches. Here, a taxonomy is proposed ( Figure 2 ) that first distinguishes between reach-and catchment-scale (Table 1 ) sediment routing models.
In the taxonomy, reach-scale models are further divided based upon method of solution and then dimensionality. Whilst all the reach-scale models have some form of physical basis, the term "physics-based" is used to refer to classes of models that are based upon fundamental, classical continuum mechanics, in which microscale physio-chemical processes are used to frame the basic component phenomena from which the dynamics of larger-scales are predicted. This approach describes the behaviour of phenomenon using mathematical equations, based on the equations of motion solved either analytically or numerically. The Navier-Stokes equations are the canonical form that describe the three-dimensional motion of f luids (Ingham and Ma 2005) . Depth integration of the Navier-Stokes equations results in the derivation of the shallow water equations (SWEs). The shallow water approximation applies where the horizontal extent is much greater than the vertical extent and a vertical hydrostatic pressure distribution is assumed ( Jirka and Uijttewaal 2004) . These equations can be width-averaged to yield the 1D Saint-Venant equations. The Saint-Venant equations are commonly resolved numerically because analytical solutions are difficult to apply in the natural world. The partial differential equations associated with the principles of mass and conservation are solved by finite element, finite difference or finite volume schemes and then rounded by computer (Bates et al. 2005; Lane 1998 ), which introduce simplifications, particularly with respect to turbulence closure. Thus, although referred to as "physics-based," the processes that are encapsulated within this category of model are dependent upon the spatial scale being considered. Within the 2D numerical approach category, cellular automata models are a type of numerical model that replace at least some physical processes with expedient rules.
Morphodynamics at the reach-scale are a function of autogenic behaviour and allogenic alterations. Schematising the location of a braided reach within a catchment's sediment transport zone (Figure 3; Schumm 1977) illustrates that reach-scale morphodynamics will be inf luenced by allogenic alterations, such as sediment and water f luxes from upstream and changes to base level downstream. Thus, to simulate reach-scale morphodynamics at timescales of 1 to 100 years, when allogenic alterations are likely to be unsteady, external boundary conditions are required for reach-scale modelling. In the absence of empirical data, one source of external boundary conditions is to generate these from predictions from coarser models. Two model classes are potentially useful in this respect and are listed in the taxonomy: landscape evolution models (LEMs) and alluvial architecture models. These models have been extensively reviewed elsewhere; the focus of Section 13 is upon assessing their value for providing external boundary conditions. Analysis of alluvial architecture models focuses upon evaluating their potential for providing external boundary conditions. However, since they are also used by geomorphologists to understand bar development, they are classified as both catchment-and reach-scale models in the taxonomy.
Reach-scale Modelling

ANALYTICAL MODELS
Analytical models provide closed-form approximate solutions to model process (i.e. differential water and sediment f low) equations (Odoni and Lane 2011; Zolezzi et al. 2012) . They are purely mathematical and thus have minimal or no data needs. Models typically make a set of simplifying assumptions, such as uniform grain size, steady discharge, fixed banks and that bedload transport is in equilibrium with f low, to predict bar morphology and amplitude. A variety of models have been developed, however, that contain fewer simplifications. Recent examples include investigating river response to changing width (Zen et al. 2014 ) and sediment input (Di Silvio and Nones 2014) . The primary limitation associated with transferring analytical Fig. 2 . Taxonomy of braided river morphodynamic models. The hashed box around models with a numerical approach is used to identify trends in spatial complexity and extent between 1D, 2D and 3D models. models for single-thread rivers to multiple-thread rivers is that compared to narrower singlethread rivers, braided rivers have significant variation in depth and local slope. This results in localised bedload transport, which is poorly represented by reach-averaged predictions of depth and bed shear stress. This limitation also affects numerical 1D models and is discussed further in Section 6. Thus, whilst analytical models have been used to predict the occurrence of braiding (Crosato and Mosselman 2009; Hall 2005; Parker 1976 ) using reach-averaged conditions, Zolezzi et al. (2012) suggest that assuming the morphologically active width (Ashmore et al. 2011 ) of a braided river, rather than the total width, is necessary to apply single-thread analytical models to predict the morphodynamics of natural braided rivers. The quality of predictions was, however, not equal between all three natural rivers that Zolezzi et al. (2012) considered. Moreover, the necessity for empirical data on the active width geometry may require substantial observational campaigns. Further limitations to applying analytical models to natural rivers are associated with the assumption of equilibrium bar shape and length; in natural settings, bar morphology is usually a function of a range of different magnitude f low and sediment pulse events, some of which occur below formative discharge. Overall, analytical models can be used to contribute to an understanding of the primary controls on river morphodynamics, but since the models require considerable simplification of processes and boundary conditions, they are not suitable for reach-scale simulation of natural morphodynamics.
NUMERICAL 1D MODELS
One-dimensional models simplify f low and sediment transport processes by assuming width-averaged variations in bed level and grain size distribution. One-dimensional models are thus suitable for cases where a reach is sufficiently straight and uniform to be represented by a transversely aligned cross-section. For the case of braided rivers, the branching network is therefore assumed to behave as one channel, negating the network's natural curved geometry Schumm (1977) . The dashed box in the transfer zone indicates a braided reach. The upper region is the sediment source zone and is the primary area where water and sediment are produced. It is typically characterised by confined valleys, with strong connections between hillslopes and river channels. The middle region is the transfer zone; valleys are typically partly confined, and for stable channel morphology, there must be a balance between sediment supply and sediment output. The lower region is the accumulation zone, where sediment is deposited.
with significant topographic steering, f low expansion and contraction. One-dimensional morphodynamic models consist of two primary computational components (Wu 2008) . First, a f low model predicts water level and velocity. The type of f low model used will depend upon f low conditions and available topographic data. A dynamic wave model, which solves the differential conservation equations of mass and momentum for gradually varied unsteady f low (the 1D Saint-Venant equations), is applicable across a range of f low conditions. A diffusion wave model assumes local and convective accelerations in the momentum equation are negligible and is thus a more stable model than the dynamic wave model. A kinematic wave model simplifies the momentum equation to the longitudinal channel slope and is suitable if detail in topographic surveys is coarse. Second, the sediment mass continuity equation (Exner equation) is solved.
A plethora of 1D morphological models have been developed, a number of which are summarised by Papanicolaou et al. (2008) , Thomas and Chang (2008) and Thorne et al. (2010) . Multi-grain size models have been used for a range of investigations including those that have focused upon armouring, downstream fining, sediment pulses from landslide and tributary inputs, dam removal and base level change (Hardy 2013) . One-dimensional models have also been used to simulate variations in f low due to projected climate change (Gomez et al. 2009; Verhaar et al. 2008) . One-dimensional models are characterised by three limitations that are relevant for cases of single-thread river systems but are particularly constraining for multi-channel applications. First, and most importantly, 1D models must be parameterised to represent the lateral variation in bed shear stresses that are characteristic of braided rivers. Compared to singlethread rivers, braided rivers have significant variation in depth and local slope. This results in extreme variations in shear stress across individual sections, which is not represented in traditional 1D models that assume uniform channel geometry. Given the non-linear relationship between excess shear stress and bedload transport, reducing the shear stress to a uniform mean gives rise to a dimensioning problem where mean shear stress estimates may be below transport thresholds but natural local shear stresses may be well above the threshold. Second, secondary circulation is not directly incorporated in the 1D Saint-Venant equations, although it has important consequences for bedload transport and sedimentology. For the case of single-thread (Ferguson 2003) and braided (Bertoldi et al. 2009; Nicholas 2000; Paola 1996) rivers, empirical equations have been developed to represent spatial variations in bed shear stress. To date, Bertoldi et al.'s (2009) formulation has the most sophisticated approach to adjusting for lateral variation in bed shear stress through its use of topographic cross-sections. Third, lateral movement of sediment is often not represented. Whilst this is inherent to the 1D framework, poor or absent representations of bank erosion result in morphological evolution being confined to long profile and sediment is not transferred between the channel and f loodplain and vice-versa. When f loodplain sediment storage is, however, represented in a 1D model, a slower, more realistic long profile evolution is predicted (Lauer 2012; Parker et al. 2008) . In summary, appropriately parameterised 1D models are able to predict longitudinal morphological properties, average transport rates and sorting patterns. They cannot, however, be applied to predict bar-scale dynamics.
NUMERICAL 2D MODELS
4.3.1. Cellular automata Two-dimensional cellular automata models aim to provide plausible explanations of observed phenomenon by capturing the essence of system behaviour with a minimal set of rules (Murray 2003; Wolfram 2002) . For example, Jerolmack and Paola's (2007) model of river avulsion characterises the abandonment and reoccupation of a small number of f lowpaths using a cell size that is greater than channel width; in-channel processes are therefore negated. The foundations of cellular automata modelling are strongly based upon the notion that system behaviour at a particular scale emerges from pertinent interactions between dynamic variables at one scale below that which is of interest (Werner 1999) . Model building is thus parsimonious by design. Cellular automata models sit within an Eulerian ( grid-based) frame of reference and use a set of transition rules to define local f luxes. They are distinct from physics-based numerical schemes for the solution of more complicated mass and energy conservation equations (Section 4.3.2) because they use rules to simulate the interaction between only adjacent cells. Such rules can be statistical, heuristic, empirical or be based upon simplifications of continuum mechanics (Fonstad 2013) . Paola's (1994, 1997) seminal work on braided river formation exemplifies the cellular automata approach. Flow is routed based on an algebraic rule that assumes conservation of mass and directs water to up to three immediately downstream cells, based upon local bed slope. Sediment transport is calculated from a non-linear rule that computes erosion as a function of discharge, local bedslope and lateral erosion. Braiding emerges due to the expansion of f low around bars, f low diversion along the steepest pathway and subsequent f low contraction, which generates erosion. The model predicts the generic dynamics of braiding including channel shifting, avulsion and migration. In doing so, the model demonstrates that braiding is the emergent river style under conditions of non-linear sediment transport, topographically driven f low expansion and contraction and unimpeded lateral erosion. The utility of the model is in this explanation of emergent properties (Murray 2007) . Nevertheless, a number of investigations have scrutinised the model's predictions and further developed the abstracted f low and sediment transport rules in an attempt to generate more natural braided morphology. Thomas and Nicholas (2002) extended Paola's (1994, 1997) f low routing scheme to five downstream cells and developed the scheme to discriminate between sub-critical and critical f lows. This routing scheme was then applied by Thomas et al. (2007) to drive a cellular automata model with an enhanced sediment transport algorithm. The model was applied to simulate morphological evolution for a period of 200 years, using a domain which was similar to that of a 450 m long reach of the Avoca River, New Zealand. Nicholas (2009) further developed the Thomas and Nicholas (2002) scheme with the introduction of two calculation steps, first to estimate water surface elevation and then to distribute f low. The scheme yielded f low predictions similar to those from a model based upon the SWEs and was more computationally efficient than the original scheme. The routing scheme was applied by Nicholas et al. (2012) to simulate f low along a 30 km reach of the Rio Paraná, Argentina. Model predictions of f low depth and velocity were compared to transect measurements. Overall, the predictions of the cellular automata model were comparable to results from a 3D CFD model and an SWE model. Whilst this study reach did feature several islands, f low partitioning was relatively simple. Moreover, the gradient of 4.4 × 10 À5 is very low compared to many piedmont braided gravel bed rivers. The original Paola (1994, 1997) model has also been developed by Parsons and Fonstad (2007) , who used a form of Manning's equation to calculate suitable f low rates between model grid cells to predict realistic unsteady f low. The reach-scale component of CAESAR ) also develops Murray and Paola's model to include f low routing in any of four cardinal directions.
Compared to the number of studies that have examined the hydraulic performance of cellular routing schemes, there have been far fewer attempts to review their morphodynamic predictions. In part, this has been justified by the need for robust f low distribution rules that are a precursor to estimating bedload transport f lux. Dynamical systems analysis, using state space plots of braided reach evolution, indicates that spatial patterns of wetted width are similar in both natural braided rivers and those simulated using the Murray and Paola model (Murray and Paola 1996; Sapozhnikov et al. 1998 ). When the model is initialised with topography from either laboratory experiments (Doeschl-Wilson and Ashmore 2005) or natural braidplains , however, there is little resemblance between subsequent predicted and observed morphological change. This has been attributed both to errors in f low routing and the sensitivity of the sediment routing calculations to local bed slope. Fundamentally, however, the sensitivity of avulsion mechanisms to small vertical variations in braidplain topography will always challenge direct comparison of modelled and observed morphological change.
The development of the hydrodynamic and sediment transport components of cellular automata models of braiding encapsulates the tension between constructing models for explanation and prediction (Murray 2007) . The continual enhancement of cellular automata models with ever more detailed sets of rules to produce predictions that mimic observed dynamics is in stark contrast to Paola's (1994, 1997) original objective of building a model with essential physics to explain emergent behaviour. Whilst cellular automata models offer a f lexible modelling platform, where the level of reality can be chosen and results can be plotted in a spatially elegant manner (Fonstad 2006; Murray and Fonstad 2007) , they are best suited to qualitative rather than quantitative predictions of landform morphologies and dynamics (Coulthard and Van De Wiel 2013; Fonstad 2013 ). This arises because cellular automata models are convincing in their prediction of kinematics, or motion. Driving force distribution, however, is not represented physically so the temporal dynamics are not effectively constrained. The application of cellular automata models to predict natural braided river morphodynamics is therefore likely to be limited because their simple f low routing algorithms do not redistribute momentum. These limitations result in predictions that are overly sensitive to local bed slope. Moreover, Nicholas et al. (2012) indicate that the computational time for unsteady, 2D cellular automata models to iterate to a solution is similar to that of running an SWE model. For the purpose of predicting landforms, this therefore diminishes the utility of applying hydraulic cellular automata models.
Physics-based
Most physics-based models simplify the morphodynamics problem by decoupling the processes of f low and sediment transport, although it is not axiomatic that f low and transport could not be solved simultaneously (see, for example Siviglia et al. (2013) for a fully coupled morphodynamic model). The decoupled approach typically involves three computational steps: (i) predicting f low; (ii) predicting sediment entrainment, transport and deposition; and (iii) updating the bathymetric grid (Spasojevic and Holly 2008) . The second of these steps is the most complex (Mosselman 2012) and particularly prone to uncertainty because sediment entrainment and transport are non-linearly related to bed shear stress. For non-uniform sediment, the classic approach to this second step is to divide the sediment into fractions, partition bed shear stress, calculate the transport and mass conservation for each fraction whilst allowing for hiding and exposure effects and then update the active sediment layer with a new composition and elevation (Mosselman 2005) . Compared to a 1D approach, a 2D approach results in spatially explicit predictions of depth, velocity and bed shear stress, incorporating the inf luence of topography in steering f low and allowing lateral variation in water surface elevation (Nelson et al. 2005; Spasojevic and Holly 2008) . With appropriate parameterisation, the effects of secondary f low (Lane 1998 ) and transverse and longitudinal bed slopes on bedload transport can be also incorporated into 2D models.
Shallow water equation models are widely accepted as being fit for a range of f lood modelling purposes (Néelz and Pender 2010) , assuming suitably accurate topographic data are available, roughness is suitably parameterised and appropriate turbulence closure is used. In the context of predicting the f low dynamics of braided rivers, SWE models have been applied to both gravel-bed (Hicks et al. 2006; Jowett and Duncan 2012; Thomas and Nicholas 2002) and sand-bed rivers (Nicholas et al. 2012) . Two-dimensional models, however, are often calibrated and validated with relatively sparse observational data resulting in uncertain assessments of their predictive power.
An early approach to assessing SWE morphodynamic models was to compare their predictions qualitatively to experimental (laboratory) f lume experiments. Both the numerical and experimental models often start with a longitudinal slope, with constant gradient and random perturbations, and are run until a relatively stable braided planform emerges. Shimizu and Itakura (1989) simulated the formation of alternate bars. Their results suggest that so long as secondary circulation is parameterised in the 2D model, numerical predictions of bar amplitude and wavelength have a close correspondence to experimental results. McArdell and Faeh (2001) utilise an SWE model to simulate experimental braided rivers reported by Fujita (1989) . They report, however, that although the numerical model can output physically realistic features, there are differences, such as the range of transverse vertical topographic relief. The potential of the SWE approach for simulating braided rivers has also been demonstrated by Jang and Shimizu (2005) .
The demonstration that SWE models have some, albeit not fully assessed, predictive capability for generating braided planforms has instigated a number of numerical modelling investigations that consider the controls on river pattern by creating "synthetic" experiments, where processes and associated parameterisations can be adjusted. Such an approach has been used by Takebayashi and Okabe (2009) to simulate braided rivers with a uniform grain size of 1 mm, using an SWE model with a shock-capturing Total Variation Diminishing (TVD) numerical scheme. These experiments demonstrate that the number of channels decreases when vegetation is represented in the model and that wavelength of submerged bars is shorter for simulations with steady rather than unsteady f low. The importance of vegetation in controlling a braided to meandering river style has also been shown by Li and Millar (2011) . Nicholas's (2013a Nicholas's ( , 2013b experiments with the Hydrodynamics and Sediment Transport in Alluvial Rivers model (HSTAR) demonstrate the potential of a SWE framework to investigate controls on river pattern (Figure 4) . Focusing upon large sand-bed rivers, Nicholas investigates controls by varying sediment diameter, river gradient, Chezy bed roughness, bank erodibility and vegetation establishment. The results indicate, for the first time, that a single SWE model, with appropriate parameterisation, can be used to generate meandering, braided and anabranching river styles. Overall, synthetic experiments with SWE models have contributed to defining the process complexity that is needed to predict braided morphology, for example, the importance of secondary circulation for the prediction of near bank bed shear stress, the need for a suitable bank erosion algorithm and appropriate representation of vegetation dynamics.
An alternative framework for investigation, in addition to modelling experimental and synthetic rivers, is to base numerical experiments on natural rivers. Braided river models have been demonstrated using Delft3d (Lesser et al. 2004 ) for the Lower Yellow River, China (Xia et al. 2013 ); Allier River, France (Crosato and Saleh 2011); and River Rhone, Germany (Kleinhans 2010) , and the MIKE21C hydrodynamic model (DHI 1999) with bedload transport and morphological change components (Li and Millar 2007) to simulate multi-fraction bedload transport for the braided Fraser River, Canada. Nicholas (2013a) uses HSTAR to simulate the gravel-bed Waimakariri River, New Zealand, although a uniform grain size is used (Figure 4 ). Detailed assessments of hydraulic and morphodynamic model predictions in a sand-bed braided river setting are presented by Lotsari et al. (2013) who utilise the TUFLOW (Syme 1991) MORPH model. When simulating real rivers, the primary challenge in assessing model performance is the availability of natural experiment datasets that quantify topographic change, at a suitable frequency, and quantify bedload transport rates at model boundaries.
An emerging approach to addressing the considerable computation run times that are encountered in physics-based simulation is to integrate a cellular automata sediment transport approach with physics-based f low algorithms. This approach is demonstrated by , albeit for a meandering river. CAESAR is integrated with LISFLOOD-FP, which assumes conservation of mass with a dynamic wave approximation. Application of the integrated model to simulate sediment yields from a 150 km 2 upland catchment during a 40 year period, and the morphological evolution of meander bends along a 7 km long reach for a 10 year period, results in dynamics that are substantially different to those predicted by the original cellular automata model. The calibration and validation of such models remain, however, at an early stage.
NUMERICAL 3D MODELS
Flow: continuum numerical solution
Three-dimensional f low models are utilised in morphological modelling to predict naturally heterogeneous f low fields, including turbulent phenomenon, to estimate the forces that inf luence the entrainment and deposition of individual particles (Hardy 2013) . Three main approaches have been developed to model turbulence in 3D CFD models. First, the Reynolds Averaged Navier-Stokes (RANS) semi-empirical approach uses temporal averaging to estimate the effects of turbulence on mean f low (Lane et al. 1999) . Second, the Large Eddy Simulation (LES) approach uses filters to remove the smallest scales of turbulence, which are then estimated at a sub-grid scale, and focuses modelling effort at resolving the largest scales of turbulence (Bates et al. 2005; Keylock et al. 2005) . Finally, Detached Eddy Simulation (DES) is a hybrid approach that switches between RANS and LES approaches depending upon f low conditions and mesh resolution (Keylock et al. 2012) . A wide variety of research Fig. 4 . HSTAR morphological predictions for a simulation based on the characteristics of the Waimakariri River, New Zealand (Nicholas 2013a) . The model incorporates secondary circulation and the influence of gravity in deflecting sediment transport direction. Bank erosion is a function of (i) a bank erodibility parameter; (ii) transport rate parallel to the bank; and (iii) bank slope. Vegetation is represented by a simple rule that relates vegetation growth to the time that topography has not been inundated above a critical threshold depth. The model uses a single grain size of 35 mm and the Meyer-Peter and Müller (1948) bedload transport formula. Predicted braidplain morphologies with two or three main channels across each braidplain width and multiple minor channels compare well to the observed braidplain morphology.
and commercial 3D morphological models are available (Papanicolaou et al. 2008) . The accuracy of 3D RANS water surface elevation, bed shear stress and velocity direction and magnitude predictions have been shown to be more accurate than 2D predictions for natural conf luence (Bradbrook et al. 1998; Lane et al. 1999 ) and natural braided river (Nicholas and Sambrook Smith 1999) settings.
Three-dimensional CFD models have been applied primarily in morphological modelling to calculate the stresses exerted on a grain by f luid f low and interactions with other particles (Cleary and Prakash 2004; Hardy 2005; Richards et al. 2004) . At this scale, the saltating trajectories of individual grains are modelled. Both the origin (Cundall and Strack 1979) and development of Discrete Element Modelling techniques have been in the field of granular physics (Frey and Church 2011) . Hardy (2012) categorises Discrete Element Modelling bedload transport models into two approaches. The first approach uses CFD to drive grain entrainment. Examples include the consideration of both uniform (Bozzi and Passoni 2012; McEwan and Heald 2001; Nabi et al. 2013 ) and mixed grain particles (Schmeeckle and Nelson 2003) . The second approach uses Discrete Element Modelling to derive a probabilistic distribution of sediment entrainment and transport, based upon Einstein's (1950) model of episodically moving particles with random step lengths and rests (Hodge et al. 2007; MacVicar et al. 2006; Niño et al. 2002) . Whilst Discrete Element Modelling is not yet practical at the reach-scale (Coulthard and Van De Wiel 2013) due to computational limitations, probabilistic models with relatively simple lateral bank erosion algorithms have been demonstrated to generate synthetic braided river patterns (Davy and Lague 2009;  Figure 5 ). At present, therefore, Discrete Element Modelling has potential for exploratory modelling and for providing parameterisations, such as particle step-lengths, for coarser resolution morphological models.
Coupled flow and sediment: smooth particle hydrodynamics
Smooth particle hydraulics (SPH) has its origin in 1970s astrophysics (Cleary and Prakash 2004) . It is a useful Lagrangian solver for coupled, f luid-solid interaction models. Smooth particle hydraulics involves discretising a f luid or solid as a particle, or "blob" (Gingold and Monaghan 1977) . The centre of each blob is attributed with physical properties, and during simulation, the blobs move in response to forcing by other particles. For f luid f low, the Navier-Stokes equations are solved using Lagrangian continuum methods for solving partial differential equations. An interpolation kernel is used to smooth the information contained at the centre of each particle when spatially distributed model predictions are required, such as water surface elevation. Compared to continuum mechanical approaches, SPH has a number of advantages (Cleary and Prakash 2004; Liu and Liu 2010) . First, complex topography can be accommodated, and since the approach is meshless, grids do not have to be defined a priori. Second, there is no mass loss or numerical diffusion. Third, there is no non-linear convective term in the momentum equation. Fourth, additional properties, such as sediment transport, can be included in the particles and their histories can be traced. The SPHysics f luid solver and associated test cases are available open source (Gomez-Gesteira et al. 2012a , 2012b .
In the field of f luvial geomorphology, SPH has been applied to simulate dam break f low (Cleary and Prakash 2004; Gomez-Gesteira et al. 2010 ) and f luvial erosion (Bursik et al. 2003; Cleary et al. 2010; Monaghan 1994) , although many demonstrations use synthetic rather than natural grids. An SPH approach to modelling shallow water f lood hydraulics has also been validated for a hypothetical breach f lood (Krištof et al. 2009 ). Depth predictions were found to be similar to those estimated by an established, commercial 2D SWE model (Vacondio et al. 2013 ), but predictions from the SPH splitting-coalescing model had a computational time that was 15 times faster than a 2D SWE TUFLOW model. The potential of utilising SPH for rapid shallow water simulation has thus been demonstrated, but f low velocities have not yet been validated. This is required before SPH approaches are used to estimate morphological change, since realistic bed shear stresses must be estimated if they are to be used to estimate sediment f lux from empirically derived bedload transport equations.
Catchment-scale Modelling
LANDSCAPE EVOLUTION MODELS
Landscape evolution models couple two or more processes (e.g. hydrological, hillslope, f luvial, climatic, lithological and tectonic) to simulate long-term drainage basin evolution. LEMs therefore take a holistic (Coulthard and Van De Wiel 2013) view of how drainage density and catchment form evolve over a relatively large spatial extent (typically 10 1 to 10 3 km 2 ) and temporal duration (typically 10 1 to 10 6 years). As discussed in Section 3, they have potential for providing external boundaries for reach-scale models. Pertinent reviews of LEMs focus upon computational code (Coulthard 2001) , the conceptual basis of process laws and methods (Tucker and Hancock 2010) and hillslope and channel geomorphic laws (Dietrich et al. 2003) . Early LEMs were presented by Ahnert (1976) and Kirkby (1987) . A plethora of models are now available including SIBERIA (Willgoose et al. 1991a (Willgoose et al. ,1991b , GOLEM (Tucker and Slingerland 1994) , CAESAR (Coulthard et al. 1998 ) and CHILD (Tucker and Bras 2000) . Model development is increasingly a community activity, and many models are now available through the open-access Community Surface Dynamics Modelling System (CSDMS) (Slingerland and Syvitski 2013) .
Landscape evolution models are applied to investigate generic drainage basin evolution questions, often using artificial landscapes, and also to consider specific catchment case studies (Istanbulluoglu 2009 ). For example, CAESAR has been used to both investigate the production of sediment pulses from autogenic system dynamics (Van De Wiel and Coulthard 2010) and to simulate the sedimentary record (Coulthard and Macklin 2003) . Computational restrictions have tended to limit the spatial resolution of LEMs since the demand to solve mass and energy continuity equations accurately requires short model timesteps and thus leads to long simulation times when models are iterated over long timescales. The representation of channel dynamics (e.g. bar evolution and bank erosion) has therefore tended to be relatively coarse, and LEMs have not been suitable for simulating change at the river planform scale. LEMs are, however, becoming increasingly sophisticated, and a range of developments are enriching the physical detail of simulations including multiple direction f low routing (Coulthard et al. 2002; Pelletier 2004) , vegetation (Istanbulluoglu and Bras 2005) , lateral erosion (Coulthard and Macklin 2003) and multiple grain size sediment transport . At this scale of investigation, CAESAR has been applied to simulate the evolution of braided rivers for periods of 8 (Ziliani et al. 2013 ) and 20 years ). However, comparisons with natural planform change indicate disparities between model predictions and natural change. One source of these disparities is likely to be associated with spatial resolution. For example, Ziliani et al.'s (2013) application of CAESAR to the braided Tagliamento River, Italy, required a 25 m resolution grid to achieve realistic computation run times, even though the average width of secondary channels was equal to this dimension. More fundamentally, it may be that the abstract physical rules associated with these applications hinder calibration efforts to generate realistic process rates. Thus, the results from these models may be suitable for defining the external boundaries of higher-resolution, reach-scale models, assuming suitable calibration data are available, but by themselves, their predictions are not of a sufficiently high quality to characterise morphodynamics with a reach.
ALLUVIAL ARCHITECTURE MODELS
Alluvial architecture models (Allen 1978) aim to describe the accumulation of channel and f loodplain deposits in sedimentary basins. Investigations commonly seek to explain how climate and tectonics inf luence variations in sedimentary unit geometry and spatial distribution, the proportion of channel and f loodplain deposits, and grain size characteristics (Bridge and Demicco 2008) . Alluvial architecture models are thus typically focused upon greater spatial scales and longer timescales than LEMs. The development of alluvial architecture models has primarily been driven by the need to map the properties of sedimentary basins to exploit petroleum resources and extract groundwater. These models warrant examination here, however, to evaluate their potential for providing boundary condition data for simulations of reach-scale braided river morphodynamics.
Alluvial architecture models can be classified into those that are (i) descriptive; (ii) stochastic; or (iii) process-based Koltermann and Gorelick 1996) . Descriptive models of alluvial architecture aim to model the geometry, grain size and sedimentary structure of deposits by considering the interaction of f low, sediment transport, grain size, bedforms and morphology. Models (e.g. Bridge 1993 , for sandy deposits) assume simple braid bar geometry, steady f low and do not consider f low structure in detail. Descriptive models are thus overly simplified and are therefore unsuitable for providing boundary conditions for reach-scale morphodynamic simulations. Indeed, they are more typically used by geomorphologists to conceptualise morphological development at the reach-scale. Stochastic, or structure-imitating, models include a random component that is utilised to explain unpredictable variations in observed dynamics (Chorley et al. 1984) . In the context of braided river modelling, two types of models are of interest: random walk and sedimentary unit-based geometric models. The computational procedure for random walk models is to move, join and split channels (Howard et al. 1970; Krumbein and Orme 1972; Webb 1994 Webb , 1995 . Three-dimensional architecture can be simulated by stacking braidplain layers (Webb and Anderson 1996) . Whilst this approach enables the estimation of distributed hydraulic properties, random walk models are of limited value in explaining and predicting the 3D form of natural braided rivers. Geometric models of alluvial architecture use available observations, outcrop analogues and random positioning of sedimentary units to generate 3D sedimentary fill (Bridge and Demicco 2008) . Most stochastic models have focused upon simulating single-thread, channel-f loodplain systems. Ramanathan et al. (2010) and Huggenberger and Regli (2006) , however, provide examples of stochastic models of braided river architecture. Models are dependent upon incomplete observations and associated assumptions of the geometry and location of sedimentary units that are used to build the model. Moreover, the distribution of these units is not, in practice, random . Process-based models simulate simplified physical processes to build sedimentary fill through channel avulsion and deposition (see Hajek and Wolinsky 2012 for reviews) . From the perspective of simulating multi-thread rivers, a number of models have simulated sedimentation associated with braiding (e.g. Paola et al. 1992 Paola et al. , 1999 Tetzlaff 1991; Tetzlaff and Harbaugh 1989) . Process-based models have the potential to investigate exploratory questions associated with controls on sedimentation (Coulthard and Van De Wiel 2013) , but they lack links between different scales of process and remain underdeveloped .
Overall, there is considerable mismatch between the space and timescales of alluvial architecture models and those associated with reach-scale models. In particular, process-based models are limited by the incomplete physical descriptions of processes that are necessary to achieve computational run times that are commensurate with simulating up to sedimentary basin filling over timescales of 10 3 -10 6 years. Predictions of transport rates for external model boundaries are thus likely to be too coarse for useful implementation in reach-scale models. Whilst alluvial architecture models may have some value in deriving average characteristics of sedimentary fill, such grain size information could also be acquired from empirical assessment.
Challenges for Reach-scale Prediction
The above review indicates that a 2D physics-based approach encapsulates sufficient process complexity to provide behavioural, reach-scale morphodynamic predictions. This approach implements SWEs to estimate spatially distributed bed shear stresses, thus accounting for the significant variation in depth and local slope that is characteristic of braided rivers. Two-dimensional f low predictions are then used as inputs to empirical bedload transport equations to estimate sediment f lux. There are three challenges associated with applying 2D physics-based models to make morphological predictions.
The first challenge is the representation of f low processes and sediment transport. The accuracy of hydraulic predictions is paramount as they combine non-linearly in sediment transport algorithms to determine morphological evolution. There is, therefore, a need to assess the components of f low routing models to ensure reliable estimates of bed shear stress. Also, estimating bedload transport rates in gravel-bed rivers is not straightforward (Gomez 1991; Wilcock et al. 2009) , with non-linearities and uncertainties in bedload transport predictions necessitating rigorous calibration of appropriate transport formulae.
The second challenge is temporal and spatial scaling. Scaling problems are pertinent in all disciplines of environmental modelling due to natural spatial heterogeneity and process non-linearities, the dominance of particular processes at particular scales and feedback between processes (Zhang et al. 2013) . In particular, the sensitivity of morphological predictions to grid resolution has received relatively little attention. Larger grid cells result in more diffuse patterns of f low and, with respect to morphological modelling, more diffuse morphological adjustment. This can result in sharp gradients, such as bank lines, being attenuated and a need for a secondary set of parameterisations to maintain these gradients -at least where gravity is a significant driver of processes. Attention to scale is thus particularly important for modelling bank erosion. With respect to temporal scaling, physics-based morphological models that apply finite difference methods to solve partial differential equations must satisfy the Courant-Friedrichs-Levy criterion (Lane 1998) to ensure accurate and stable predictions. Such a criterion is relatively restrictive in terms of computational power. However, the use of parallelisation techniques, particularly through High Performance Computing (HPC), means that new opportunities for smaller grid sizes and larger model domains are emerging.
The third challenge combines issues associated with model calibration, sensitivity, uncertainty and validation. Many of these issues have previously been reviewed from the perspective of environmental modelling (Mulligan and Wainwright 2013) , modelling river morphodynamics and environmental change (Coulthard and Van De Wiel 2012) , hydrological modelling (Beven 2012) and ecohydraulics (Maddock et al. 2013) . With respect to braided river morphodynamics, the key problem associated with addressing model development and assessment issues is the dearth of laboratory or natural experiment datasets that are available for model development. Techniques to acquire high-resolution, spatially and temporally distributed direct measurements of morphological change during forcing events in braided river environments remain elusive. Acoustic Doppler Current Profiler surveys show potential (Rennie 2012; Williams et al. 2015) , but data acquisition remains relatively slow and access at high f lows is problematic. An alternative technique for mapping morphological change is through the use of DEMs of Difference (DoDs; Brasington et al. 2000 Brasington et al. , 2003 Williams 2012) . With appropriate measurement or assumptions about sediment supply, DoDs can then be used to infer bedload transport rates between connected zones of erosion and deposition. However, since DoDs only offer snapshots of morphological evolution and do not provide temporal data on morphodynamics during high f lows, there is a need for survey frequencies to be commensurate with characteristic rates of change.
Case Study: Modelling the Rees River
The aim of the following case study is to demonstrate how high-resolution survey data, acquired in a natural braided river setting, can be used to assess numerical model predictions. The first objective of this case study is to compare hydraulic predictions of cellular automata and SWE models with observations of inundation extent. The second objective is to compare observed and modelled morphological predictions for a single high-f low event using a physicsbased approach. This article's supplementary material provides further information on the study area's grain size distribution, topographic data acquisition, and modelling assumptions.
STUDY REACH
The case study uses observations from the ReesScan dataset, which records morphological change across a 2.5 km long by 0.7 km wide braided reach of the Rees River, New Zealand, through a sequence of high-f low events that occurred between October 2009 and May 2010. Rates of morphological change within the study area are high due to the Rees catchment's active tectonic setting, easily erodible schist geology and frequent high-f low events. A detailed description of the Rees catchment and study reach is available in Cook et al. (2014) and Williams et al. (2011) , respectively. For the study reach, D 50 surface and subsurface grain size, with associated standard deviations, were 19.9 ± 10.4 mm and 7.5 ± 1.6 mm, respectively.
METHODS
Digital Elevation Models (DEMs) of the study reach were constructed using a fusion of mobile Terrestrial Laser Scanning (TLS) and optical-empirical bathymetric mapping, as described by Williams et al. (2014) . Vertical errors in the DEMs were between 0.03 and 0.12 m in exposed and inundated areas of the models, respectively.
The comparison of f low predictions from cellular automata and SWE models focused upon comparing steady-state discharges of 7.3 and 54.7 m 3 s
À1
. Predictions were compared to aerial imagery that recorded inundation extent at each of these f lows. The cellular automata scheme was similar to Paola's (1994, 1997) model (as described in Section 8). The SWE model used Delft3d software (Lesser et al. 2004) , with setup and calibration guided by Williams et al. (2013) Figure 6 compares observed and predicted inundation extents. At low f low, the cellular automata model predicts an inundation pattern that has a higher braiding intensity than that observed. The low-f low SWE model inundation predictions (Figure 6b) show greater affinity to the observed inundation extents, with comparable f low routing, although there are differences in observed and predicted channel widths. The cellular automata model predictions for high f low ( Figure 6c ) have a similar routing pattern to the low-f low simulation (Figure 6a ), although channel depth (not shown here) was greater. The low-f low SWE model inundation predictions (Figure 6d ) predict a similar braiding intensity to the observed inundation pattern, albeit with minor variations in inundation extent. This case study demonstrates that high-resolution survey data, acquired in a natural braided river setting, can be used to assess numerical model predictions. The SWE equation hydraulic model yields sufficient process complexity to predict low-and high-f low inundation extents that are comparable to observed inundation extents. In contrast, predictions from the cellular automata scheme perform poorly because the abstracted f low routing formula is hyper-sensitive to bed The observed DEM of Difference is produced by using probabilistic thresholding at the 87% confidence interval; the volumetric uncertainties are calculated by multiplying the estimated probabilistic error thickness by cell area and then summing all cells, as described by Erwin et al. (2012) . Observed and predicted changes are not compared north of cross-section A. The predicted morphological change is based upon a Delft3d simulation, assuming shallow water flow and bedload transport predicted by the Gaeuman et al. (2009) formula. topography, which is the only gradient used to drive f low routing. By neglecting the higher-order terms of Navier-Stokes equations present in the SWE model, the bed topography sensitivity of the kinematic routing scheme drives f low out of the main anabranches, leading to highly dispersive routing patterns. It should be noted that cellular automata schemes that include higher-order terms, and route f low in more than the downstream direction, are available (see Section 8), but it is beyond the scope of this case study to assess more than one scheme. The comparison between predicted and observed volumes of erosion and deposition from the Delf3d morphologic modelling indicates that a 2D physics-based approach is capable of behavioural simulations. This approach thus demonstrates the potential of comparing model predictions using DoDs that record morphological change during single high-f low events.
Conclusion
This article has presented a taxonomy of braided river morphodynamic models and evaluated them, in the context of the mechanics of braided rivers, to identify the modelling approach that encapsulates sufficient process complexity to provide behavioural reach-scale morphodynamic predictions. Of the reach-scale sediment routing models, it is a 2D physics-based approach that offers the most potential for simulating braided river morphodynamics at the temporal and spatial scales that are of interest to investigations that focus upon applied river management and understanding morphodynamics at the scale of multiple bars. At the catchment-scale, LEMs have considerably more potential than alluvial architecture models for providing external boundary conditions for reach-scale models. Progress in 2D physics-based modelling of braided river morphodynamics is dependent upon work addressing three primary modelling challenges: (i) the representation of f low processes and sediment transport; (ii) temporal and spatial scaling; and (iii) model calibration, sensitivity, uncertainty and validation. Progress towards eliminating these challenges, however, will only be made if new, high-resolution observation datasets of laboratory and natural braided river morphodynamics are acquired. The Rees River case study that is presented at the end of this article not only demonstrates the efficacy of a 2D physics-based hydraulic approach relative to a cellular automata approach but also demonstrates how multi-temporal DEMs can be used to calibrate morphodynamic simulations.
